Mycobacterium oryzae sp. nov., a scotochromogenic, rapidly growing species is able to infect human macrophage cell line Gram-stain-positive, acid-fast-positive, rapidly growing, rod-shaped bacteria (designated as strains JC290 T , JC430 and JC431) were isolated from paddy cultivated soils on the Western Ghats of India. Phylogenetic analysis placed the three strains among the rapidly growing mycobacteria, being most closely related to Mycobacterium tokaiense 47503 T (98.8 % 16S rRNA gene sequence similarity), Mycobacterium murale MA112/96 T (98.8 %) and a few other Mycobacterium species. The level of DNA-DNA reassociation of the three strains with M. tokaiense DSM 44635 T was 23.4±4 % (26.1±3 %, reciprocal analysis) and 21.4±2 % (22.1 ±4 %, reciprocal analysis). The three novel strains shared >99.9 % 16S rRNA gene sequence similarity and DNA-DNA reassociation values >85 %. Furthermore, phylogenetic analysis based on concatenated sequences (3071 bp) of four housekeeping genes (16S rRNA, hsp65, rpoB and sodA) revealed that strain JC290 T is clearly distinct from all other Mycobacterium species. The three strains had diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositolmannosides, unidentified phospholipids, unidentified glycolipids and an unidentified lipid as polar lipids. The predominant isoprenoid quinone for all three strains was MK-9(H 2 ). Fatty acids were C 17 : 1 !7c, C 16 : 0 , C 18 : 1 !9c, C 16 : 1 !7c/C 16 : 1 !6c and C 19 : 1 !7c/ C 19 : 1 !6c for all the three strains. On the basis of phenotypic, chemotaxonomic and phylogenetic data, it was concluded that strains JC290 T , JC430 and JC431 are members of a novel species within the genus Mycobacterium and for which the name Mycobacterium oryzae sp. nov. is proposed. The type strain is JC290 T (=KCTC 39560 T =LMG 28809 T ).
The genus Mycobacterium was described with Mycobacterium tuberculosis as the type species (Zope, 1883; Lehmann & Neumann, 1896) . At the time of writing, the genus comprised 172 recognized species. Any mycobacterium that does not cause tuberculosis or leprosy is placed within the nontuberculous mycobacteria (NTM). NTM are ubiquitous, are not obligate pathogens and are widely distributed in soil and water sources such as household plumbing, peat-rich soils, brackish marshes and drainage water (Falkinham, 2013; Slany et al., 2010) . NTM are classified by growth rate, either as slow growers or rapid growers (Johnson & Odell, 2014) . For quite some time, the rapidly growing species were considered to be non-pathogenic, but evidence has now clearly indicated that even the fast growing species of Mycobacterium are also responsible for various human infections (Brown-Elliott & Wallace, 2002; De Groote & Huitt, 2006; Cassidy et al., 2009; Prevots & Marras, 2015) . Exposure to these organisms can cause serious infections in both immunocompetent and immunocompromised individuals and IP: 54.70.40.11
On: Fri, 28 Dec 2018 08:00:57 the incidence of NTM infections is growing worldwide (Katoch, 2004) . During a survey of bacteria from the Western Ghats of India, we isolated three fast growing strains of NTM from paddy cultivated soils and investigated them using a polyphasic taxonomic analysis.
Samples were collected from three paddy cultivated soils around Kankumbi, Western Ghats, Karnataka, India (GPS 15 41¢ 41.5 † N 74 12¢ 35. 3 † E), on 1 November 2014. One gram of each dry soil was serially diluted [10-fold dilution in saline (0.6 %, w/v, NaCl)] and plated on R2A medium (pH 7.0) containing (g l À1 ) yeast extract (0.5), peptone (0.5), casein enzyme hydrolysate (0.5), yeast extract (0.5), glucose (0.5), water-soluble starch (0.5), dipotassium phosphate (0.3), magnesium sulphate (0.05) and sodium pyruvate (0.3). All three soil samples yielded distinct colony morphologies on plates incubated at 30 C for 5 days. Orange-pigmented colonies were purified from each sample by subsequent streaking on the same medium. The purified isolates from the three samples were designated as strains JC290 T , JC430 and JC431 and were preserved as glycerol stocks and stored at À20 C. The purified cultures were grown in liquid medium in conical flasks (500 ml) with shaking (160 r.p.m.) for chemoheterotrophic growth. For routine culturing and for physiological tests, the three strains were grown at pH 7.0 and at 30 C in tryptone soya broth (TSB). All the mycobacterial strains were cultured in biosafety level 2 (BSL-2) hoods. Furthermore, decontamination of biohazard cultures was done as per the guidelines of the Institutional Biosafety Committee (IBSC) of the University of Hyderabad. In brief, all surfaces were disinfected with 70 % alcohol and bio hard cultures along with infected consumables were treated with 4 % hypochlorite solution (Fisher Scientifics) overnight and autoclaved before disposal to the central biohazard autoclave facility at the School of Life Sciences, University of Hyderabad.
Genomic DNA was extracted and purified by using the Qiagen genomic DNA buffer set. The 16S rRNA (1419 bp), partial hsp65 (436 bp), partial rpoB (427 bp) and sodA (478 bp) gene sequences were determined using methods described previously (Devulder et al., 2005; Ringuet et al., 1999; Ramaprasad et al., 2015a) . A BLAST search analysis of the 16S rRNA gene sequence (1419 nt) was performed using the EzTaxon-e server (Kim et al., 2012) . The level of 16S rRNA gene sequence similarity between the three strains (JC290 T , JC430 and JC431) was 99.9 %. All three strains showed highest 16S rRNA gene sequence similarity to Mycobacterium tokaiense 47503 T (98.8 %) and Mycobacterium murale MA 112/96 T (98.8 %) but less than 98.5 % with other members of the genus Mycobacterium. 16S rRNA gene sequences were aligned via the MUSCLE program using the UPGMA clustering method of MEGA version 6 (Tamura et al., 2013) . For reconstructing neighbour-joining (NJ), maximum-likelihood (ML) and minimum-evolution (ME) phylogenetic trees, the following statistical methods were used. For NJ, Kimura's two-parameter model (Kimura, 1980) , uniform rates and pairwise deletion was used. For ML, Kimura's two-parameter model, uniform rates, and heuristic search algorithm Nearest-Neighbor-Interchange (NNI) with complete deletion was used. For ME, Kimura's two-parameter model, uniform rates, and heuristic search algorithm Close-Neighbor-Interchange (CNI) with pairwise deletion was used. The combined phylogenetic tree (NJ, ML and ME) confirmed the clustering of the three strains with members of the genus Mycobacterium (Figs 1 and S1, available in the online Supplementary Material) and the levels of sequence similarity of all three strains with their phylogenetic neighbours were in agreement with the Ez-Taxon-e BLAST search analysis.
Phylogenetic trees based on concatenated sequences of various housekeeping genes are known to be characterized by high robustness (Devulder et al., 2005; Stackebrandt et al., 2002) . Sequences of the most closely related mycobacteria were available in the GenBank database for 16S rRNA, hsp65, rpoB and sodA genes. With the Gblock-edited (Castresana, 2000) Mycobacterium oryzae JC290 T sp. nov. concatenated sequences (3071 bp) of four housekeeping genes (16S rRNA, hsp65, rpoB and sodA), strain JC290 T shared highest similarity with M. tokaiense DSM 44635 T (78.8 %), M. murale DSM 44340 T (80.7 %) and other members of the genus Mycobacterium (<78.5 %). This indicated that strain JC290 T satisfied the threshold criterion (10 % nucleotide substitution rate; Venkateswaran et al., 1999) of sequence diversity as a distinct species and shares a common ancestor with M. tokaiense 47503 T (=DSM 44635 T ) and M. murale MA112/ 96 T (=DSM 44340 T ) (Fig. 2) .
The G+C content of the DNA of strains JC290 T , JC430 and JC431 as determined by HPLC (Mesbah et al., 1989) was 69.5-70.0 mol%. DNA-DNA reassociation between the strains was determined using a membrane filter technique as described previously (Chakravarthy et al., 2012; Seldin & Dubnau, 1985) . The DNA-DNA reassociation values between three strains were >85 %. When strains JC290 T , JC430 and JC431 were labelled radioactively, the level of DNA-DNA reassociation with M. tokaiense DSM 44635 T was 23.4±4 % (26.1±3 %, reciprocal analysis) and 21.4±2 % (22.1±4 %, reciprocal analysis) with M. murale DSM 44340 T . The degree of DNA-DNA relatedness was also estimated using a fluorimetric method with SYBR Green I, by measuring the divergence between the thermal denaturation midpoint of homoduplex and heteroduplex DNA (DT m ) as described by Ramaprasad et al. (2016) . The DT m value of strain JC290 T with its closest phylogenetic neighbours M. tokaiense DSM 44635 T and M. murale DSM 44340 T was 5.9 and 7.8 C, respectively ( Fig. S2 ), which is significantly above the 5 C cut-off level recommended for species delineation (Wayne et al., 1987; Rosselló-Mora & Amann, 2001) . M. tokaiense DSM 44635 T and M. murale DSM 44340 T were used for comparative taxonomic analysis under our laboratory conditions. Cells of all three strains (JC290 T , JC430 and JC431) were rod-shaped, 0.4-0.6 µm wide and 1.4-2.0 µm long ( Fig.  S3 ). Visual growth was observed on tryptone soya agar (TSA), nutrient agar and R2A agar within 3 days of incubation at 30 C. Flagellar motility was not observed under the microscope but was confirmed by the hanging drop method. Scotochromogenic pigmentation was determined as described previously (Padgitt & Moshier, 1987) . Growth was measured turbidometrically at 600 nm in a colorimeter (Systronics) after 5 days. In a buffered medium (K 2 HPO 4 -KH 2 PO 4 buffer for pH 5-8 and NaHCO 3 -NaOH buffer for pH 9-11), growth of strain JC290 T occurred at pH 6.0-8.0 with optimal pH being 7.0. The three strains had no obligate requirement for salt (NaCl) for growth and could tolerate up to 4.0 % (w/v) NaCl, while M. tokaiense DSM 44635 T and M. murale DSM 44340 T could tolerate 2.0 and 4 %, respectively. The temperature (5, 15, 20, 25, 30, 35, 40 and 45 C) range for growth was examined in TSB medium. Growth occurred from 25 to 45 C and growth optimum for all three strains was at 30 C, while M. tokaiense DSM 44635 T and M. murale DSM 44340 T had growth ranges of 30-35 and 10-35 C, respectively. The doubling time for the three novel strains was 3 h.
Utilization of organic substrates, cellobiose, sucrose, L-serine, citrate, N-acetyl-D-glucosamine, D-fructose, D-mannose, L-rhamnose, D-xylose, inositol, D-mannitol, D-sorbitol, acetate, DL-lactate, L-malate, pyruvate, D-glucose, fumarate, D-galactose and L-arabinose, was tested in the medium as described previously (Ramaprasad et al., 2015b) . The three strains utilized cellobiose, sucrose, L-serine, citrate, N-acetyl-D-glucosamine, D-fructose, D-mannose, L-rhamnose, D-xylose, inositol, D-mannitol, D-sorbitol, acetate, DL-lactate, L-malate, pyruvate, D-glucose and fumarate as sole source of carbon. D-Galactose and L-arabinose were not utilized by the three strains. The profile of organic substrate utilization of the three strains differed from M. tokaiense DSM 44635 T and M. murale DSM 44340 T (Table 1) .
Different biochemical tests such as hydrolysis of casein and Tween 80 and catalase activity were carried out in the prescribed media as described previously (Ramaprasad et al., 2015b) . The three novel strains could hydrolyse Tween 80, in contrast to M. tokaiense DSM 44635 T and M. murale DSM 44340 T . The three strains were positive for catalase, and negative for hydrolysis of casein. Sensitivity to different antibiotics was tested after spreading cells on TSA plates (incubated for 7 days at 30 C) using ready-made sensi-discs (HiMedia) with varying amount of antibiotics. Strains JC290 T , JC430 and JC431 were sensitive to amikacin, azithromycin, ciprofloxacin, doxycyclin, vancomycin, rifampin and streptomycin.
Cells grown in TSB medium were harvested when growth of the cultures reached around 70 % of the maximal optical density (exponential growth phase) and used for analysis of cellular fatty acids, polar lipids and quinones, which was done as described previously (Ramaprasad et al., 2015c) . Major fatty acids (more than 5 % of the total) were C 17 : 1 !7c, C 16 : 0 , C 18 : 1 !9c, C 16 : 1 !7c/C 16 : 1 !6c and C 19 : 1 !7c/C 19 : 1 !6c. Differences in the fatty acid profile of strain JC290 T compared with M. tokaiense DSM 44635 T and M. murale DSM 44340 T are shown in Table 1 . The fatty acid profiles of the three novel strains differed markedly from those of these two closest relatives by higher amounts of C 16 : 0 , C 18 : 1 !7c and C 18 : 0 10-methyl. In addition, M. murale DSM 44340 T contained higher amounts of C 18 : 0 , Fig. S4 ) in the novel strains.
The polar lipid profiles of strains JC290 T , JC430 and JC431 comprised diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositolmannosides (PIM1-3), phospholipids (PL1-3), glycolipids (GL1-4) and a unidentified lipid (L1) (Fig. S5) . The three strains differed from M. tokaiense DSM 44635 T with regard to the presence of a glycolipid (GL2) and unidentified phospholipids (PL1-2) and absence of unidentified aminolipids (AL1-2) and unidentified lipids (L2-3). The quinone composition was 92-98 % MK-9(H 2 ) and 8-2 % MK-8(H 2 ) in the three novel strains. Mycolic acids were extracted with chloroform after saponification of cells with KOH and further derivatized with p-bromophenacylate reagent (Thermo Scientific Pierce) and analysed as reported previously (Rhodes et al., 2005) . Analysis of mycolic acids by HPLC revealed a profile (Fig. S6 ) that was clearly different from that of any recognized Mycobacterium species (http://www. mycobactoscana.it/page4.htm). Cyclic triterpenoids (hopanoids/steroids) were extracted and analysed using GC-MS as previously described (Ramaprasad et al., 2015d) . Hopanoid/steroids were not detected in any of the Mycobacterium strains tested.
Phylogenetic analysis revealed that strain JC290 T clustered with M. tokaiense DSM 44635 T and M. murale DSM 44340 T (Figs 1 and S1) . A mycobacterial strain showing 99 % 16S RNA gene sequence similarly to M. tokaiense caused caseous necrotic granuloma in the pituitary stalk of human (Kondo et al., 2006) . It was therefore of interest to determine if strain JC290 T also has the ability to infect and persist inside human cells. Infection assays were performed with JC290 T keeping M. tokaiense DSM 44635 T and M. murale DSM 44340 T for comparison along with Mycobacterium smegmatis mc2155 as a non-pathogenic mycobacterial control (Batoni et al., 2001) . The THP-1 cell line [human monocyte leukaemia (cat. no. TIB-202; ATCC)] was used for infection assays. THP-1 cells are an established in vitro cell model used to study mycobacterial infection and pathogenesis (Theus et al., 2004) .
Infection assays were performed as given by Ganji et al. (2016a) with minor modifications. Briefly, THP-1 cells were differentiated to macrophages by treatment with Phorbol myristate acetate (PMA) (25 ng ml À1 ) for 24 h in RPMI-1640 media with 10 % fetal bovine serum (FBS). Cells were then washed, added to fresh media without PMA and incubated for 24 h. THP-1-derived macrophages were then infected by M. smegmatis mc2155, strain JC290 T , M. tokaiense DSM 44635 T and M. murale DSM 44340 T at an m.o.i. of 1 : 10 for 4 h in RPMI-1640 media supplemented with 10 % FBS devoid of any antibiotics. After 4 h, cells were washed and fresh media with antibiotics (HiMedia A001A) were added. The cells were then incubated for 0, 24
and 48 h post-infection. At each time point, cells were washed three times in PBS and macrophages were lysed using sterile water at 37 C for 10 min. The lysates were diluted and plated on agar plates, i.e. 7H10 agar plates for M. smegmatis mc2155 at 37 C for 2-3 days and TSA plates for strain JC290 T , M. tokaiense DSM 44635 T and M. murale DSM 44340 T at 30 C for 3-4 days. The colony forming units (CFU) were enumerated and used to plot % c.f.u. upon normalization to c.f.u. at 0 h for the respective strains.
The results of three independent experiments, with two technical repeats each, are given in Fig. S7 .
The c.f.u. calculations showed the percentage survival at 24 and 48 h. The lower the percentage survival, the more the clearance of bacteria by activated macrophages. We observed that the non-pathogenic strain M. In other words, we inferred that strain JC290 T was cleared less efficiently by activated macrophages as compared with M. tokaiense DSM 44635 T , suggesting that strain JC290 T is potentially infectious to the THP-1 cell line. The THP-1 cell line, despite limitations, is an established model to study intracellular mycobacterial infections and persistence (Schildberger et al., 2013; Ganji et al., 2016b; Theus et al., 2004; Iona et al., 2012) . The above experiments establish that the mycobacterial strain JC290 T could be internalized and persist inside THP-1 cells, thus establishing an infection. However, additional experiments involving both derived and primary cell lines should be performed to confirm that strain JC290 T can be potentially infectious to humans.
The genomic distinction of strains JC290 T , JC430 and JC431 from their closest phylogenetic neighbours M. tokaiense DSM 44635 T and M. murale DSM 44340 T is well supported based on phenotypic traits, including cell size, organic carbon source utilization, Tween 80 hydrolysis, fatty acid composition, and polar lipid and mycolic acid profiles. They are therefore considered to represent a novel species of the genus Mycobacterium, for which we propose the name Mycobacterium oryzae sp. nov.
Description of Mycobacterium oryzae sp. nov.
Mycobacterium oryzae (o.ry¢zae. L. gen. n. oryzae of rice, the origin of the type strain).
Grows best on marine agar, R2A agar and TSA. Colonies on TSA are convex, circular, smooth and opaque with entire margins, orange, scotochromogenic and 2-3 mm in diameter within 3-5 days at 30 C (pH 7). Cells are Gram-stain-positive, non-motile, non-spore-forming, acid-fast-positive bacilli. Doubling time is 3 h. Optimum growth occurs at 30 C (range, 25-45 C). NaCl is not required for growth and tolerates up to 4 % (w/v) NaCl. The major carotenoid is b-carotene. Good growth occurs with cellobiose, sucrose, L-serine, citrate, N-acetyl-D-glucosamine, D-fructose, D-mannose, L-rhamnose, D-xylose, inositol, D-mannitol, D-sorbitol, acetate, DL-lactate, L-malate, pyruvate, D-glucose and fumarate. Hydrolyses Tween 80 but not casein. Catalase-positive. Has 16S rRNA, hsp65, rpoB and sodA gene sequences that are clearly different from any other mycobacterial species. The HPLC mycolic acid pattern is unique. The fatty acid profile contains C 14 : 0 , C 16 : 0 ,C 17 : 1 !7c, C 18 : 1 !7c, C 18 : 1 !9c, C 16 : 1 !7c/C 16 : 1 !6c, C 19 : 1 !7c/C 19 : 1 !6c, anteiso-C 19 : 0 and C 18 : 0 10-methyl. Diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, phosphatidylinositolmannoside, phospholipids (PL1-3), glycolipids (GL1-4) and an unidentified lipid (L1) are the polar lipids. MK-9(H 2 ) is the predominant quinone. Potentially infectious to human cells. The DNA G+C content is 69.5-70.0 mol% (HPLC).
The type strain, JC290 T (=KCTC 39560 T =LMG 28809 T ), was isolated from a paddy soil collected from Kankumbi, Western Ghats, Karnataka, India. JC430 and JC431 are additional strains isolated from paddy soils.
